Since wave energy has the highest marine energy density in the coastal areas, assessment of its potential is of great importance. Furthermore, long term variation of wave power must be studied to ensure the availability of stable wave energy. In this paper, wave energy potential is assessed along the southern coasts of Iran, the Persian 
Introduction
Using renewable energy resources is very important in the future due to the fact that fossil fuels are nonrenewable. Wave energy contains the highest energy density among clean and green sources (Leijon et al., 2003) . Furthermore, predictability as well as the low visual and environmental impact make the wave energy a valuable renewable energy resource (Iglesias et al., 2009) . Therefore, estimation of wave energy potential and usage of its energy is necessary to provide for the energy demand in the countries adjacent to the seas. The total global offshore wave energy potential has been evaluated to be up to 10TW, which is sufficient for world energy demand (Panicker, 1976) . Global wave energy potential was investigated by Arinaga and Cheung (2012) and Cornett (2009) . European wave energy resources were also assessed by Pontes (1998) 
Wave energy assessment has also been carried out regionally in countries with the potential of energy extraction from the ocean waves, such as Spain (Iglesias and 3 Carballo, 2010a , 2010b , 2010c , UK (Folley and Whittaker, 2009), Portugal (Mollison and Pontes, 1992; Pontes et al., 2005; Rusu and Guedes Soares, 2009 ), Sweden (Bernhoff et al., 2006; Waters et al., 2009) , US Wilson and Beyene, 2007; Stopa et al., 2011; Lenee-Bluhm et al., 2011; Defne et al., 2009) , Argentina (Lanfredi et al., 1992) , South Korea (Kim et al., 2011) , Taiwan (Chen et al., 2010) , Turkey (Akpınar and Kömürcü, 2012) and Australia (Hughes and Heap, 2010) .
Despite the proximity of Iran to three important seas (Caspian Sea, Persian Gulf and Gulf of Oman) and its long coastlines, there are few studies of the wave energy potential in Iranian Seas. Abbaspour and Rahimi (2011) determined the wave energy in several coastal locations of the Persian Gulf and the Gulf of Oman. Saket and Etemad-Shahidi (2012) also evaluated the wave energy potential in the northern coasts of the Gulf of Oman and determined the locations of nearshore hot spots.
As well as determining the wave energy resources, it is necessary to evaluate the variation of wave power in a specified region to account for long-term changes in climate. Tsai et al. (2012) assessed the long term temporal trend of wave energy in Taiwan. They showed that the variations in wave climate consisting of annual, seasonal and decadal variations, lead to the changes in the wave energy converter outputs in long-term. For investigating the long term variations of the wave climate, long-term data is required. Unfortunately, these long-term recorded data are not available in most regions. Therefore, the required data can be obtained from the results of numerical modeling and hindcasted data.
In addition to the mentioned investigations in the Iranian Seas, a project was carried out by Iranian National Institute for Oceanography (INIO) and Iran University of Science and Technology (IUST) to estimate the wave energy in all Iranian seas and determine the potential sites for energy extraction from the waves. In that project, a 4 global modeling of wave parameters was conducted by authors in the Persian Gulf (Etemad-Shahidi et al., 2011) , Gulf of Oman and Caspian Sea using SWAN (Simulating Waves Nearshore) model. Afterwards, the hot spots were specified and local modeling with higher resolution was performed in the selected sites. Finally, the most proper locations for energy capturing were determined based on the energy amount, depth, distance from the coast and other economical, political and environmental aspects, at each site.
Data obtained from the global wave hindcating in the Persian Gulf was used in this study to assess the temporal variations of the wave energy and to investigate the effect of climatic changes on the wave energy trends. The results can be used for determination of the energy capturing capacity and selecting the proper wave energy converter based on the seasonal, decadal or directional variations.
Study area and data sources
The study area is the Persian Gulf, a crescent shaped water body formed from the extension of the Indian Ocean. The Persian Gulf is located in the south of Iran and is also adjacent to the countries in the Arabian Peninsula. It is an important area due to the existence of rich resources of oil and gas, as well as transportations and fisheries (Figure 1) . Therefore, investigation of marine resources for providing the required energy is very important in this area. The Persian Gulf is a relatively shallow sea and its average depth is about 36 meters (Kämpf and Sadrinasab, 2005) .
Estimation of the wave power potential requires long-term wave characteristics data.
These long-term data are not commonly available and can be obtained from the numerical modeling. For this purpose, bathymetry and wind field data are necessary. Measured wave data from two buoys in 1-hourly intervals were also used for calibration and verification of the numerical modeling. One of these buoys was located in 50.5º E and 28.58º N near the Boushehr port, Iran (about 46 km offshore) in a depth of about 28 m which was deep water while the other buoy was located in 52.55º E and 27.51º N near the Assalouyeh port (about 2 km offshore) in depth of about 50 m which was also deep water ( Figure 1 ).
Statistical characteristics of measured wave datasets used for calibration and verification steps are shown in Table 1. This table indicates the relative statistical similarity of the wave parameters in both periods. The peak values of significant wave height were used for the calibration period to ensure the appropriate calibration of the model.
1. Numerical modeling
A third generation numerical model SWAN was used for modeling of the wave characteristics in the Persian Gulf. SWAN is a spectral wave model developed for estimation of the wave characteristics in nearshore areas. This model can solve the transport equation (WAMDI group, 1988; Komen et al., 1994) without considering any limitation on the wave energy spectral form (Bolaños-6 Sanchez et al., 2007) . SWAN also considers the effective processes for small scale, high resolution applications (generation, dissipation and nonlinear wave-wave interactions) .
The action balance equation is the basic equation used in the SWAN and for the Cartesian coordinates it is defined as : and bottom friction) and nonlinear wave-wave interactions .
The model was executed in two dimensional nonstationary mode. It was noted by Moeini and Etemad-Shahidi (2007, 2012 ) that using theory of Komen et al. (1984) , wind input parameterization yields more accurate results for prediction of significant wave height. Therefore, Komen et al. (1984) option was used in the simulations.
Computational time step was selected as 10 min and the model outputs were also produced in 0.2 degree (about 20 km) resolution in the computational domain with a 7 time steps of 3 hr. (Figure 1 ). Other grid sizes (higher resolution) had been checked first and a 0.2º resolution was found to be the most proper grid size considering a reasonable running time. Wave growth term of Cavaleri and Malanotte (1981) with the proportionality coefficient of 0.0015 was activated in the modeling process.
Dissipation due to whitecapping, breaking and friction were also included firstly with default values and then, were optimized in the calibration process. The quadruplets were also included in the computations with default values.
Model validation
SWAN model was calibrated in order to increase the consistency between measured and modeled wave power rather than only significant wave height. Model calibration was conducted for a one month period from Nov., 1, 1995 to Dec., 1, 1995. Time series of measured and modeled wave characteristics for calibration are shown in For quantitative assessment of the calibration results, error indices (Bias, correlation coefficient (CC) and root mean square error (RMSE)) were calculated according to the Eqs. (2) to (4) and shown in Table 2 . Table 2 represent that there is an acceptable correlation between the hindcasted and measured values of the wave power. These results also show that as well as the wave power, modeling of significant wave height and peak period was performed well.
Wave energy estimation
Data obtained from the numerical modeling were used for estimation of the wave power potential in the Persian Gulf. Ertekin and Yingfan (1994) presented some methods for estimating the wave power, such as using the observed wave height and period, the significant wave height and period, the observed wind, the Rayleigh wind and observed wind data using Weibull distribution.
Since the most common method for wave energy estimation over long periods used in many studies such as Saket and Etemad-Shahidi (2012), Henfridsson et al. (2007) and Abbaspour and Rahimi (2011) is wave power calculation using significant wave height and period, this method was utilized also in this study. The wave energy density is calculated from the Eq. (5) (Hughes and Heap, 2010) .
In which ρ is the water density, g is the gravitational acceleration and H s is the significant wave height (in meter). The wave power is defined as:
where C shows the wave speed and n is the ratio of the wave group speed to wave speed. C is equal to wave length divided by the wave period (T) and is equal to gT 2 /2π
in deep water. The approximate value of n is equal to 0.5 in deep water. Therefore, the wave power is calculated as follow.
The real sea states include a large number of regular waves. Therefore, the mixture of different amplitudes, frequencies and directions is described using a variance spectral density function. The wave power per unit width of the irregular waves in deep water can be obtained by (Abbaspour and Rahimi, 2011) :
in which T e is known as the energy period. When peak period (T p ) is available, T e can be equal to T p multiplied by a factor that is equal to 0.9 if the standard JONSWAP spectrum with a peak enhancement factor of γ=0.33 is assumed (Abbaspour and Rahimi, 2011) . The calibration of the model was done based on the error minimization of H 2 T (instead of H or T), to achieve higher accuracy for modeled wave power value. Therefore time series of this parameter were shown in figures 2 to 4 to compare the model and measured H 2 T.
In this study, time series of significant wave height and peak period were also obtained from the modeling results and wave energy was calculated in each point of the output grid (0.2 degree ~ 20 km) for the whole 25-years modeling period . The average wave energy for the total period of 25-years simulation is displayed in Figure 5 showing the highest values of wave power in the central part of the Persian Gulf. There is an area in the middle of the Persian and near the Iranian coasts known as Ra's-e-Motaf. This region is known as Iran's Bermuda triangle due to its stormy conditions and high waves caused sinking lots of ships. Figure 5 also shows that the lowest wave power value is obtained in the Strait of Hormuz in the eastern part of the Persian Gulf.
Results and Discussion
According to figure 5, the wave energy regime in the western, middle and eastern parts of the Persian Gulf is different. This variation can be also seen in northern and southern parts of the Persian Gulf. Since the northern parts near the Iranian coasts are more important in this study, only variations in western, middle and eastern parts are 
Summary and Conclusions
In this research, long term wave hindcasted data obtained from a numerical hindcasting using SWAN model were utilized for evaluation of the wave power 
